Recent studies revealed that the interstitial fluid flow in and around tumor tissue not only played an important role in delivering anticancer agents, but also affected the microenvironment, mostly hypoxia, in modulating tumor radio-sensitivity. The current study investigated the hypoxia-independent mechanisms of flow-induced shear stress in sensitizing tumors to radiation. Colon cancer cells were seeded onto glass slides pre-coated with fibronectin. A parallel-plate flow chamber system was used to impose fluid shear stress. Cell proliferation, apoptosis and colony assays were measured after shear stress and/or radiation. Cell cycle analysis and immunoblots of cell adhesion signal molecules were evaluated. The effect of shear stress was reversed by modulating integrin β1 or FAK. Shear stress of 12 dyne/cm 2 for 24 h, but not 3 h, enhanced the radiation induced cytotoxicity to colon cancer cells. Protein expression of FAK was significantly down-regulated but not transcriptionally suppressed. By modulating integrin β1 and FAK expression, we demonstrated that shear stress enhanced tumor radiosensitivity by regulating integrin β1/FAK/Akt as well as integrin β1/FAK/cortactin pathways. Shear stress in combination with radiation might regulate integrins signaling by recruiting and activating caspases 3/8 for FAK cleavage followed by ubiquitin-mediated proteasomal degradation. Shear stress enhanced the radiation toxicity to colon cancer cells through suppression of integrin signaling and protein degradation of FAK. The results of our study provide a strong rationale for cancer treatment that combines between radiation and strategy in modulating tumor interstitial fluid flow.
Introduction
Interstitial fluid flow (IFF) created by dynamic stresses plays an important role in tissue development, maintenance, function and pathogenesis [1] . It is now well established that the interstitial fluid pressure (IFP) of most solid tumors is increased. The mechanisms for the increased IFP probably involve blood-vessel leakiness, lymph-vessel abnormalities, interstitial fibrosis and contraction of the interstitial space mediated by stromal fibroblasts [2] . Thus, the driving force for fluid movement from the blood into the tumor stroma is lower than that in normal tissues. Several types of treatment have been shown to decrease tumor IFP in animal models and patients; for example: VEGF antagonist, PDGF antagonist, bradykinin agonist and prostaglandin E 1 . Most of them improve blood as well as IFF by normalizing blood vessels or decreasing contraction of stromal fibroblasts [2] . Despite the extensive research in therapeutic delivery to solid tumors, the impact of IFF on tumor biology has not been much explored [3] .
A large prospective clinical study showed an independent prognostic effect of IFP for local and distant recurrences after irradiation in cervical cancer patients [4] . Preclinical studies demonstrated an association between radiation resistance and high IFP through not only hypoxiadependent mechanisms but also hypoxia-independent mechanisms [5] due to increased number of clonogenic tumor cells as well as increased expression of vascular endothelial growth factor-A. Furthermore, using in vitro model system, Chang et al. reported that the flow-induced shear stress (SS) may enhance G2/M arrest mediated by αvβ3 and β1 integrins in tumor cells [6] . On the other hand, radiation up-regulates the expression of integrins, including β1 integrin, in several cancer types leading to cellular resistance to radiation-induced cancer cell death [7, 8] . Based on the above observations, we hypothesize that SS may modulate radiation sensitivity of tumor cells via integrinmediated signaling pathways.
In this study, we demonstrated that SS enhanced radiation cytotoxicity in two colon cancer cell lines. SS of 12 dyne/cm 2 for 24 h sup-cleavage and ubiquitin-mediated proteosomal degradation, inhibited FAK/Akt as well as FAK/cortactin/JNK1 signal activation, and facilitated radiation induced apoptosis as well as clonogenic death.
Methods and materials

Parallel-plate flow chamber
A parallel-plate flow chamber system was used to impose fluid SS on cultured cells as described previously [6] . In brief a silicone gasket was sandwiched between a glass slide and an acrylic plate to create a rectangular flow channel (0.025 cm in height, 2.5 cm in width, and 5.5 cm in length) with inlet and outlet for exposing the cultured cells to fluid SS (Fig. S1) . A steady laminar flow across the channel was generated by using a peristaltic pump and a damping reservoir. The wall SS on the surface of the plate (τ wall ) can be calculated as: τ wall ¼ 6μ Q bh 2 , where Q is the volume flow rate, μ is the viscosity of medium, b and h are the width and gap height of the rectangular flow channel, respectively. During the fluid SS experiments, the system was kept at 37°C and equilibrated with 95% humidified air with 5% CO 2 . We used 12 dyne/cm 2 SS in this study if not otherwise specified.
Irradiation
Irradiation was delivered using a 160 kV RS 2000 X-ray biological Irradiator (Rad Source Technologies, Inc., U.S.A.). Monolayer cultures on slides were irradiated under aerobic conditions at a dose rate of 1 Gy/min at 25 mA. We used 8 Gy irradiation in this study if not otherwise specified.
Cell lines and culture conditions
Two human colon cancer cell lines, T84 (BCRC 60149) and SW480 (BCRC 60249), obtained from Bioresource Collection and Research Center, Taiwan, were cultured in Ham's F12 and Dulbecco's modified Eagle's medium (1:1) with 2.5 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin and 5-10% fetal bovine serum. Cells were trypsinized and seeded onto glass slides (75 × 38 mm; Corning) precoated with fibronectin (10 μg/ml). Glass slides with cells of 1-4 × 10 6 were incubated in the medium for 18 to 24 h before the experiment.
Reagents
Antibodies against FAK (#3285, 1;1000), phospho-FAK (Y397) (#3283, 1:1000), integrin β1 (#4706, 1:1000), phospho-GSK3β (Ser9) (#9323, 1:2000), AKT (#9272, 1:1000), phospho-Akt (S473) (#9271, 1:1000), integrin-linked kinase (ILK) (#3862, 1:1000), Caspase 3 (#9662, 1:1000), PARP (#9532, 1:1000), p44/42 MAPK (Erk1/2) (#9107, 1:1000), phospho-p44/42 MAPK (Erk1/2, Thr 202/Tyr 204) (#9101, 1:1000), JNK (#9252,1:1000), phospho-JNK (Thr 183/ Thy185) (#9255, 1:1000), p38 MAPK (#9212, 1:1000), phospho-p38 MAPK (Thr180/Tyr182) (#9211, 1:1000), cortactin (#3503, 1:1000) and phospho-cortactin (Y421) (#4569, 1:1000) were purchased from Cell Signaling Technology, Inc. (Beverly, MA). Anti-Cyclin B1 (GTX100911, 1:1000), Anti-Cyclin D1 (GTX112874, 1:500), Anti-GSK3β (GTX111192, 1:1000), and β-actin (GTX110564, 1:5000) were obtained from Gene Tex, Inc. (Irvine, CA). Anti-FAK for immunoprecipitation (sc-558, 1:1000) and immunofluorescence (sc-558, 1:100) studies, Anti-Cdk4 (sc-601, 1:2000), Ubiquitin (sc-8017, 1:2000), Cdc2 (sc-54, 1:2000) antibodies and FAK inhibitor 14 (sc-203980, 10 μM) were purchased from Santa Cruz biotechnology, Inc. (Santa Cruz, CA). Anti-integrin αv (611012, 1:1000) and integrin β3 (611140, 1:500) were from BD Inc. (Franklin Lakes, NJ). Anti-integrin β1 neutralizing (6S6, 10 μg/ml) and activating antibodies (P4G11, 10 μg/ml), integrin αv neutralizing antibody (AV1, 1:20), integrin β3 blocking antibody (B3A, 10 μg/ml), and integrin α5 blocking antibody (P1D6, 10 μg/ml) were from Chemicon. (Temecula, CA). Mouse IgG1 negative control (400102, 10 μg/ml) was from Biolegend (San Diego, CA). Caspase-3 inhibitor II (264155, 15 nM), Caspase-8 inhibitor (218759, 15 nM), and Caspase-9 inhibitor (218761, 15 nM) were purchased from Calbiochem (Darmstadt, Germany). Texas Red-X phalloidin (T7471, 1:50) for F-actin staining was from Invitrogen Corporation (Camarillo, CA). MG132 (C2211, 10 μM) and cycloheximide (C4859, 50 μg/ml) were purchased from Sigma (St Louis, MO).
Clonogenic assay
Tumor cells were trypsinized from the slides and diluted so that the appropriate numbers of cells were seeded into 60-mm culture dishes. After 14 days, colonies were fixed and stained with methylene blue. Colonies containing at least 50 cells were counted. The surviving fraction was calculated from the number of colonies formed in the dishes compared with the number formed in the control, with the plating efficiency defined as the percentage of cells plated that formed colonies in the control dishes. 
Apoptosis assays
Analyses of apoptosis were performed by annexin V-Fluorescein isothiocyanate (FITC)/propidium iodide (PI) assay and 4′,6-diamidino-2-phenylindole (DAPI) staining. For annexin V-FITC/PI assay, an annexin V-FITC/PI staining kit (Annexin Apoptosis Detection Kit I; BD Biosciences, Heidelberg, Germany) was used. Cells were harvested at various conditions and suspended in phosphate-buffered saline (PBS) for the assay. The cells were suspended in 1 ml of FITC-annexin V solution, and PI was added to a final concentration of 1 μg/ml. The samples were analyzed by flow cytometry (Becton Dickinson, San Jose, CA); the green fluorescence of FITC was measured at 530 ± 20 nm, and red fluorescence was measured at N 600 nm.
Caspase 3 activity assay
Cells were subjected to caspase 3 activity measurements by CaspAce TM assay system, Fluorometric (Promega, WI) according to manufacturer's instruction. Briefly, cells were harvested by centrifugation at 450 ×g for 10 min at 4°C. The cell pellets were kept on ice. Cells were washed with ice-cold PBS and resuspended in hypotonic cell lysis buffer. The cells were lysed by 4 cycles of freezing and thawing. Cell lysates were centrifuged at 16,000 ×g for 20 min at 4°C and the supernatant fraction was collected. Replicate wells containing blank (no cell extract), negative control (extract from untreated cells), induced apoptosis (extract from induced cells) samples were prepared. The plate was covered with Parafilm® laboratory film or a plate sealer and was incubated at 30°C for 30 min. After adding 2 μl of the appropriate 2.5 mM substrate (CPP32 or ICE) to all wells the plate was covered with Parafilm® laboratory film or a plate sealer and incubated at 30°C for 60 min. The fluorescence of the reactions was measured at an excitation wavelength of 360 nm and an emission wavelength of 460 nm.
Cell cycle analysis
Cells were washed twice with PBS solution and then fixed with chilled 70% alcohol at −20°C for 24 h. The cell sediment was collected by centrifugation (2300 rpm, 5 min), washed twice with PBS solution, and stained with DNA staining solution (50 μg/ml PI, and 50 μg/ml RNase A in PBS) for 30 min at room temperature. Cell cycle distributions were then evaluated by using flow cytometry (BD FACSAria™ III Flow Cytometry System), and analyzed by Modfit LT software.
Immunoblots
Cells were collected and lysed in protein lysis buffer (10 mM pH 7.3 disodium phosphate, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 10 mM NaF, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride) containing a protease inhibitor cocktail (Complete®, Roche, Mannheim, Germany). The supernatants were centrifuged at 4°C for 15 min at 13,000 rpm. Twenty micrograms of total protein was loaded into each well of a sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and separated. Protein was transferred onto a polyvinylidene fluoride membrane (Millipore, Billerica, MA), and membranes were incubated in blocking solution (5% nonfat milk in 20 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween-20 [TBS-T]) at room temperature for 1 h, followed by incubation with the indicated primary antibodies at 4°C overnight. The membranes were washed in TBS-T and incubated at room temperature with peroxidase-conjugated secondary antibodies for 1 h. Signals were detected using the enhanced chemiluminescence assay (Amersham Life Science, Arlington Heights, IL).
Immunoprecipitation
Adherent tumor cells on slides were washed twice with ice-cold PBS and then lysed in ice-cold protein lysis buffer. Lysates were centrifuged at 13,000 rpm in a pre-cooled centrifuge for 15 min. Cell extracts (100 μg of total protein in 20 μl) were pre-cleaned with protein A/G PLUS-Agarose (Pierce Biotechnology, Rockford) at 4°C for 30 min, then centrifuged (2000 ×g, 3 min) and the supernatant was transferred to a fresh tube and further incubated with FAK antibodies at a concentration of 2 μg/ml and mixed overnight at 4°C. Protein A/G Sepharose was added to each tube and they were incubated for a further 1.5 h at 4°C. The immunoprecipitates were washed 3 times with Tris-buffered saline and suspended in nonreducing SDS gel loading buffer following subjection to western blot analysis.
Immunofluorescent staining
Cells were fixed with 4% paraformaldehyde in PBS (20 min at 37°C), washed with PBS and permeabilized with 0.2% Triton X-100 and 1% BSA in PBS (20 min at RT). The slides were washed with PBS and then incubated with primary antibodies overnight at 4°C followed by incubation with FITC conjugated secondary antibodies. The cells were washed three times with PBS and stained with 1 mg/ml bisbenzimide Hoechst 33258 (Sigma) in 1% BSA in PBS. Immunofluorescent images were captured by a fluorescent microscope (Olympus, BX51).
Quantitative real-time polymerase chain reaction
Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA) and was reverse-transcribed using SuperScript III reverse transcriptase (Invitrogen) according to the manufacturer's protocol. Synthesized cDNAs were used as templates for PCR amplification with the FAK (173 bp) primers forward, 5′-AGATCCTGTCTCCAGTCTAC-3′, and reverse, 5′-AATGGTTTGCACTTGAGTGA-3′; primers for actin (150 bp) used as a loading control were forward, 5′-CCTTCTACAATGAGCTGCG-3′, and reverse, 5′-CAGCCTGGATAGCAACG-3′. Quantitative real-time PCR was performed in 20 μl reaction volume with the standard protocols of the Roche LightCycler 2.0 Real-Time PCR system. FAK gene expression was obtained by ΔCT and ΔΔCT assay [ΔCT = CT (Target gene) − CT (β-actin) and ΔΔCT = ΔCT (experimental group) − ΔCT (control group)]. All reactions were performed in triplicate.
Expression vectors, RNA interference (RNAi) and transfection
Constitutively active FAK expression constructs in pEZ-M07 vector (T8403-M07, human PTK2 protein tyrosine kinase 2) were obtained from Genecopoeia Inc. Cells were transfected to colon cancer cells with the appropriate amount of expression construct, or control empty vector using NanoJuice® Transfection Kit (Novagen, Merck) according to the manufacturer's protocol. After 24 h, transfectants were trypsinized and used for experiments. The percentage of cells with FAK over-expression was around 75% according to GFP reporter. Short interfering RNA (siRNA) for human FAK (#6472) and negative control (negative universal control siRNA) were purchased from Cell Signaling and Invitrogen, respectively. Cells were transfected with 100 nM nontargeting and specific siRNA using Lipofectamine 2000 according to the protocol of the manufacturer (Invitrogen). Twentyfour hours after transfection, the media were changed and cells were used for experiments.
Statistical analysis
Differences between groups were analyzed using Student's t test or one-way ANOVAs among multiple groups using Statistica 5.5 software (StatSoft, Inc., Tulsa, OK). A p b 0.05 was considered statistically significant.
Results
SS induced G2/M accumulation and cytotoxicity in colon cancer cells
We established a parallel plate flow chamber system (Fig. S1 ) to study the interstitial flow induced SS on tumor cells. With 12 dyne/cm 2 SS for 24 h, the growth pattern of endothelial cells became parallel to the flow direction; (Fig. S2 A&B) however, the shear flow did not change the morphology of the two colon cancer cells under a light microscope significantly (Fig. S2 C-F) . SS induced over 30% cytotoxicity in T84 cells after more than 20 dyne/cm 2 for 24 h (Fig. 1A) . With 12 dyne/cm 2 SS, the cytotoxic effect became significant at 48 h (Fig. 1B) . We used SS of 12 dyne/cm 2 , which is normally found in the intestinal epithelium during peristalsis [9] , and is thus more relevant to the periphery of tumor [10] in our following experiments.
In accordance with a previous report [6] , 12 dyne/cm 2 for 24 h increased G2/M phase cells by 39% and 79% in T84 and SW480, respectively (Table S1 ). Corresponding increases in the levels of regulatory proteins of cell cycle, cyclin B1 and cdc2, were also noted (Figs. 1C, S3A & C).
SS for 24 h but not 3 h enhanced radiation-induced apoptosis and clonogenic cell death
Immunoblot of PARP and caspase 3 showed increased cleavage forms after 24 h SS in combination with radiation (Figs. 1D, S3B ). The pro-apoptotic effect of 24 h SS to radiation was also demonstrated by annexin V/PI assay with increased apoptotic level of two to three folds compared with radiation alone in both colon cancer cells (Figs. 1E,  S3E, p b 0.05) . On the other hand, pre-treatment with 3 h SS did not increase apoptosis of tumor cells after radiation significantly (Figs. 1D&E,  S3D -E). Clonogenic survival of both colon cancer cells revealed enhanced radiation cytotoxicity by combining 24 h SS. Similar phenomenon was not observed after 3 h SS (Figs. 1F, S3F) . 
Down-regulation of FAK correlated with enhanced radiation related toxicity by SS
To investigate the role of cell adhesion in SS induced radiosensitization, we explored the integrin signaling pathway after various time points of 12 dyne/cm 2 . A transient elevation at 3 h and recovery at 24 h of integrin β1, FAK, phospho-FAK, phospho-Akt, cortactin and phospho-cortactin were noted (Figs. 2A, S4A ). Similar observations were noted in the other down-stream signaling molecules of FAK, including phospho-JNK and phospho-p38 (Fig. S5C&D) . There was no significant change in the activities of Erk, phospho-Erk, ILK and GSK3β after SS in our model (Fig. S5A-D) .
When applied before radiation, additional 24 h SS suppressed radiation induced FAK, phospho-FAK, phospho-Akt, and cortactin significantly. Similar observation was not found by pretreatment with 3 h SS (Figs. 2B,  S4B ). Down-regulation of FAK/Akt signal molecules was also noted using lower level shear stress for 24 h before radiation (Fig. S4C) . Using integrin β1 activator, the phenomenon of FAK/p-FAK down-regulation by 24 h SS and radiation could be reversed (Fig. 2C, left panel) . Using integrin blocking antibodies, the enhanced FAK/p-FAK expression by 3 h SS and radiation could be suppressed (Fig. 2C, right panel) . The above observations suggested FAK to be an important mediator, transducing signals from integrins, for the radio-sensitizing effect of SS. Immunofluorescence study also revealed decreased focal adhesions and distorted filamentous actin cytoskeleton of tumor cells after 24 h SS and radiation (Fig. 2D) .
SS modulated radiation-induced apoptosis and clonogenic cell death via integrin β1/FAK signal pathway
To demonstrate the importance of integrins/FAK in mediating the radio-sensitizing effect of SS, we used integrin β1 activator to reverse the radio-sensitizing effect of 24 h SS (Figs. 3A, S6A ). Along with recovered FAK proteins, activated signals of FAK, Akt and cortactin correlated with decreased apoptotic response indicated by less PARP and caspase 3 cleavages. Decreased cytotoxic effect of 24 h SS plus radiation was also found by colony assay using integrin β1 activator ( Fig. 3C; • vs □, p = 0.04, 0.05, and 0.04 for 2, 4, 8 Gy, respectively). Pre-treatment with FAK inhibitor for 4 h in addition to integrin β1 activator blocked the integrin β1/FAK signal and restored apoptosis and clonogenic cytotoxicity due to 24 h SS and radiation (Fig. 3A and C , △ vs □, p = 0.03, 0.02 and 0.02 for 2, 4, 8 Gy, respectively). Using colon cancer cells with FAK mRNA silencing, the effect of integrin β1 activator on 24 h SS and radiation was also diminished (Fig. S6C) . Furthermore, in colon cancer cells with FAK over-expression, the radio-sensitizing effect of 24 h SS was not found (Fig. S6D) . The above observations suggested FAK to be an important mediator for transducing radio-sensitizing effect of SS from integrins.
On the other hand, integrin β1 neutralizing antibody suppressed FAK signaling and increased apoptosis and clonogenic cytotoxicity after 3 h SS and radiation ( using FAK over-expressed colon cancer cell lines (Fig. 3B and D , △ vs □, p = 0.02, 0.02 and 0.04 for 2, 4, 8 Gy, respectively). These observations suggested SS modulated radiation induced apoptosis of colon cancer cells via integrin β1/FAK signaling pathway.
SS down-regulated FAK via ubiquitination mediated proteosomal degradation
To study the mechanisms of decreased FAK protein expression after combining SS and radiation, we used cyclohexamide to inhibit protein synthesis. The half-life of FAK was shortened from 30 h to 12 h by 24 h SS in combination with radiation (Fig. 4A, middle panel) . MG-132, a proteasome inhibitor, recovered the level of FAK protein at 6 h (Fig. 4A, right panel) . Immunoblots indicated an increased level of ubiquitin protein after 24 h SS in combination with radiation compared to that of radiation alone (Fig. 4B) . After immunoprecipitation of FAK, immunoblots of ubiquitin revealed a direct interaction of polymerized ubiquitin and FAK after 24 h SS plus radiation (Fig. 4C) . Quantification of FAK mRNA revealed a non-significant decrease following SS in combination with radiation compared to that of radiation alone (Fig. 4D ). These observations suggested that FAK down-regulation was due to protein degradation but not transcriptional suppression.
SS and radiation-induced caspase cleavage of FAK before proteosomal degradation
While focal adhesion and FAK activity were enhanced by radiation (Fig. 2D right panel, Fig. 5A left panel) , FAK down-regulation and decreased FAK phosphorylation occurred around 12 h after radiation when cells were pretreated with 24 h SS (Fig. 5A right panel) . Decreased FAK activity was in parallel with caspase 3 activation (Fig. 5A right panel) .
Furthermore, FAK degradation by combination of 24 h SS and radiation could be reversed by caspase 3 or 8, but not caspase 9 inhibitors (Fig. 5B) . After 24 h SS and radiation, integrin β1 could physically interact with caspases 3 and 8 (Fig. 5C ). Using caspases 3 and 8 inhibitors, 24 h SS and radiation induced FAK cleavage and ubiquitination was suppressed significantly (Fig. 5D ). These observations suggested that 24 h SS suppressed radiation-induced integrin β1 signaling by recruiting and activating caspases 3 and 8, for FAK cleavage. The cleaved FAK was targeted by ubiquitin and subsequently underwent proteosomal degradation.
In summary, using in vitro model, we found a hypoxia-independent mechanism involving radiation sensitization following increased tumor interstitial fluid flow. Optimal shear flow to tumor cells before radiation might interfere cell adhesion signaling and enhance radiation cytotoxicity by suppressing integrin signaling via caspase recruitment, activation followed by FAK cleavage and degradation.
Discussion
Tumor resistance remains a significant problem affecting the efficacy of radiotherapy. Non-cellular factors have been identified to crucially modify the tumor responsiveness to ionizing radiation [11] . Most studies demonstrated that lowering IFP enhances radiation cytotoxicity by improving tumor oxygenation and perfusion [12, 13] . In this study, we reported a hypoxia-independent, cell adhesion mediated, signaling pathway contributing to the radio-sensitizing effect of flow induced SS. Furthermore, we found a time schedule dependence of the radiosensitizing effect of SS.
In accordance with previous report, we demonstrated that SS induced transient activation of cell adhesion signaling within 3 h [14] . Furthermore, we found that the integrin/FAK signaling was recovered later at 24 h. In parallel with the above observations, when combining with radiation, the enhanced apoptotic and clonogenic cytotoxicity was observed only with 24 h but not 3 h SS. Whether the radio-sensitizing effect of SS is associated with moderate G2/M accumulation in our model was not explored. Using SS of 15 dyne/cm 2 for 24 h, Avvisato et al. [15] reported G1 arrest of SW480 cells. Walsh et al. [16] found extracellular pressure of 15 mm Hg stimulated S phase accumulation of SW620 colon cancer cells. Chang et al. reported G2/M accumulation of MG63 human osteosarcoma cells after SS of 12 dyne/cm 2 for 24 h [6] . We believed that different mechanical manipulations and different cellular context might be responsible for the different observations. Mechanical forces, such as those generated by fluid SS, were sensed at the cell surface by integrins including β1, β3 [17] , α6β4 [15] , and αvβ3 [6] . Irradiation also influenced cell adhesion to extracellular matrix by regulating receptors such as integrins [7, 18] . Up-regulation of integrins expression, including β1, β3, and αv integrins, in several cancer types led to cellular resistance to irradiation induced cancer cell death [7, 8] . In our colon cancer model, several integrin isoforms including integrin β1 were modulated by SS and radiation. By modulating FAK pharmacologically or genetically, the interference of integrin signaling by SS could be reversed, leading subsequently to differential cell fate. The observations suggested that FAK is an important mediator transducing signals from SS imposed on cell membrane.
The downstream signaling molecules associated with integrins such as ILK, Caveolin-1 or FAK were reported to play a role in regulating cell survival after radiation [19] . However, the signaling alterations induced by β1 integrin seem to vary between tumor entities. Breast and lung carcinoma cell lines mainly involved PI3/Akt signaling [20, 21] . In head and neck squamous cell cancer, loss of FAK/cortactin interaction and JNK1 signaling affected focal adhesion dynamics and translated into significant enhancement of radio-sensitivity [22] . In both colon cancer cells, we found that the activity of Akt and cortactin correlated with altered integrin β1/FAK signaling by SS. Akt played a role in conferring resistance to apoptosis post irradiation [20] . The combination of PI3K inhibitor, LY294002, and integrin antagonist, cRGD, inhibited the activation of Akt and enhanced radiation cytotoxicity [23] . Cortactin is a multidomain adapter protein contributing to cortical actin regulation [24] . Eke et al. reported that enhanced radio-sensitivity upon integrin β1 blocking was a consequence of focal adhesion disassembly and actin remodeling mediated by the dissociation of FAK/cortactin protein complex and down-regulated JNK1 signaling [22] . In this study, both Akt and cortactin signal suppression contributed to integrin β1/FAK mediated radio-sensitization. There was no significant change of Erk, ILK, and GSK3β after SS in our model [19] . Besides FAK, the Wnt/β-catenin [15] and smads signaling pathways [25] in mediating SS-induced radio-sensitizing effect need further investigation. The role of SS in sensitizing chemotherapy or death receptor mediated cancer cell death [26] also warrants further exploration. Furthermore, fluid shear stress and three-dimensional growth increase NO synthase and NO to cause tubulin breakdown and induce anoikis in colon cancer cells [27] . The radio-sensitizing effect of shear stress might be more prominent in spheroidal cell culture.
We demonstrated increased physical interaction between integrin β1 and caspase 3 or caspase 8 after 24 h SS and radiation. Similar observations of direct association of integrin β1 with procaspase 8 and caspase 3 were reported in adherent HL60 after radiation [28] and in rat fibroblasts undergoing anoikis [29] , respectively. The prominent down-regulation of FAK protein by 24 h SS and radiation was found to be contributed by caspase 3 and 8 cleavage followed by ubiquitindependent proteosomal degradation. FAK was reported to be cleaved by caspases during apoptosis [30] . According to previous studies, there were anoikis-dependent and anoikis-independent mechanisms of FAK cleavage preceding apoptosis: In renal epithelial cells, cleavage of FAK by caspases occurred after the cells had already lost focal adhesions [31] . On the other hand, ROS-induced apoptosis appeared to induce early FAK phosphorylation and later FAK cleavage, independent of anoikis [32] . In our model system, the dynamics of FAK, phospho-FAK after 24 h SS and radiation were in concordance with anoikis followed by ROS induced apoptosis involving integrin signaling and the cytoskeleton of epithelial cells [33] . FAK degradation was downstream of caspase activation and apoptosis induction. Numerous reports supported a link between the ubiquitin-proteasome pathway and apoptosis [34] . Caspase-mediated cleavage generated an unstable protein that rapidly underwent proteasome-mediated degradation [35, 36] . This coupling of degradation pathways could serve several functions including regulation of apoptotic cell death. Degradation of the pro-or anti-apoptotic fragments, induced by caspase cleavage and the ubiquitin-proteasome pathway might add an additional level of regulation for decision making between survival and cell death. Degradation of the unstable cleavage fragment might also prevent its release into the blood and the subsequent generation of autoantibodies [37] .
Normalization of tumor vasculature has emerged as an important concept in antiangiogenic therapy, and this may alter interstitial flow environment and enhances drug delivery [38] . In this study, we demonstrated the importance of time schedule between the combination of shear flow modulating agents and radiation. Besides the consequence of oxygenation, perfusion [5] , the present study showed that lowering tumor IFP by increasing SS may enhance radio-sensitivity of tumor cells by down-regulating integrin/FAK signaling and reversing cell adhesion mediated radio-resistance. Our results suggest that mechanical microenvironment of tumor cells may play important roles in tumor biology and optimal modulation of IFF should be taken into account in cancer therapy.
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